During retinal development, neuroepithelial progenitor cells divide in either a symmetric proliferative mode, in which both daughter cells remain mitotic, or in a neurogenic mode, in which at least one daughter cell exits the cell cycle and differentiates as a neuron. Although the cellular mechanisms of neurogenesis remain unknown, heterogeneity in cell behaviors has been postulated to influence this cell fate. In this study, we analyze interkinetic nuclear migration, the apical-basal movement of nuclei in phase with the cell cycle, and the relationship of this cell behavior to neurogenesis. Using time-lapse imaging in zebrafish, we show that various parameters of interkinetic nuclear migration are significantly heterogeneous among retinal neuroepithelial cells. We provide direct evidence that neurogenic progenitors have greater basal nuclei migrations during the last cell cycle preceding a terminal mitosis. In addition, we show that atypical protein kinase C (aPKC)-mediated cell polarity is essential for the relationship between nuclear position and neurogenesis. Loss of aPKC also resulted in increased proliferative cell divisions and reduced retinal neurogenesis. Our data support a novel model for neurogenesis, in which interkinetic nuclear migration differentially positions nuclei in neuroepithelial cells and therefore influences selection of progenitors for cell cycle exit based on apical-basal polarized signals.
Introduction
Retinal neurogenesis begins with cell cycle exit and cell-type determination followed by cell migration and differentiation. In vertebrates, retinogenesis progresses in a wave-like manner that spreads across the neuroepithelium, generally in a central-toperipheral manner (Malicki, 2004) . At any point within the wave, only a subset of neuroepithelial cells produce postmitotic neurons; the remaining cells divide as proliferative progenitors. Although some of the influential signals and underlying cell cycle exit machinery have been identified (Levine and Green, 2004; Donovan and Dyer, 2005) , what constitutes the selection basis for neurogenic cell divisions remains elusive.
Heterogeneity in neuroepithelial cell behaviors has been postulated to function as a fundamental mechanism for regulating differential cell fates. Substantial evidence in invertebrates suggests that the orientation of cell division differentially segregates determinate factors that can regulate neurogenesis and cell-type determination (Roegiers and Jan, 2004) . However, the role of cell division orientation within the developing vertebrate retina is not as clear. Although there is heterogeneity in cleavage plane orientation, and proteins such as Numb and Notch-1 can be asymmetrically localized within dividing neuroepithelial cells, a role for division orientation in neurogenesis has not been observed in vertebrates (Cayouette et al., 2001; Silva et al., 2002; Das et al., 2003) . However, in the retina, division orientation was found to predict whether daughter cell-type fates were the same or different (Cayouette and Raff, 2003; Poggi et al., 2005) .
Another cell behavior with potential to impact cell cycle exit and other cell fate decisions is interkinetic nuclear migration. Interkinetic nuclear migration is the process in which the nucleus migrates within the cytoplasm of elongated neuroepithelial progenitor cells and in phase with the cell cycle (Frade, 2002; Baye and Link, 2007 ) (see Fig. 1 A) . M phase always occurs at the apical surface and S phase in more basal locations. In the current study, we investigate whether interkinetic nuclear migration influences retinal neurogenesis. Using time-lapse imaging techniques in zebrafish, we show that there is significant heterogeneity in parameters of interkinetic nuclear migration, consistent with a role in establishing asymmetry among retinal progenitor cells. Specifically, diversity was found in the maximum basal nuclear position, the time the nucleus remained at the basal-most location, and in the total cell cycle period. Heterogeneity in interkinetic nuclear migration was evident in cells present within a single retina, in individual cell lineages, and between sibling cells. By analyzing nuclear migration in transgenic fish in which cell cycle exit was marked by green fluorescent protein (GFP), we show that neuroepithelial cells with greater basal nuclear migrations produce postmitotic neurons. Additionally, we provide evidence that deep basal nuclear migration is not a consequence of neurogenesis. Finally, we demonstrate that atypical protein kinase C (aPKC) activity, which is critical for proper apical-basal cell polarity, is essential for the relationship of nuclear position and neurogen-esis and regulates the proportion of cells undergoing retinal neurogenesis. Our data support a model in which heterogeneity in interkinetic nuclear migration functions to regulate retinal neurogenesis by differentially positioning nuclei in retinal progenitors and facilitating graded responses to polarized signals.
Materials and Methods
Immunohistochemistry S-phase labeling. 5-Bromo-2-deoxyuridine (BrdU) was used to label cells in S phase. For zebrafish, 15 nl of 10 mM BrdU in 1% phenol red solution was injected directly into the eyes of anesthetized 36 h postfertilization (hpf) embryos, which had been embedded in 1% agarose. Embryos were allowed to recover for 5 min and immediately fixed in cold 4% paraformaldehyde/PBS. For labeling embryonic mouse tissue at embryonic day 10.5 (E10.5), pregnant dams were injected intraperitoneally with 500 l of 2.5 mg/ml BrdU in PBS. Mice were killed 15 min after injection, and embryos were immediately fixed in cold 4% paraformaldehyde/PBS. After overnight fixation, all embryos were then washed, embedded in cryoprotectant, and sectioned at 12 m onto Superfrostϩ, gelatin-coated glass slides. Dried sections were washed with PBS and incubated with 2N HCl for 20 min at 37°C. These slides were then washed extensively with PBTD (PBS, 1% DMSO, and 0.1% Tween). Sections were immunostained with a rat anti-BrdU antibody (MAS-250; Harlan Sera Labs, Indianapolis, IN) diluted 1:1000 in blocking solution (5% normal donkey serum, 1% DMSO, and 0.1% Tween). Anti-BrdU immunolabeling was visualized with a 1:800 dilution Rhodamine Red X-conjugated donkey anti-rat secondary antiserum (Jackson ImmunoResearch Laboratories, West Grove, PA).
G 1 and M-phase labeling. Anti-phospho-histone H3 (pH3) rabbit polyclonal antisera (Millipore, Billerica, MA) was used at 1:1000 to label cells in late G 2 /M phase. Anti-phospho (ser795) retinoblastoma (pRb) rabbit polyclonal antiserum (Cell Signaling Technology, Beverly, MA) was used at 1:200 to label cells in G 1 /early S phase. Rhodamine Red X-conjugated donkey anti-rabbit secondary antiserum (Jackson ImmunoResearch Laboratories) was used at a 1:800 dilution for detection.
Imaging interkinetic nuclear migration
Nucleus labeling. Two techniques were used to label nuclei of retinal progenitor cells. In the first approach, microinjection of plasmid DNA encoding the histone H2B-GFP fusion protein was used to label nuclei in a mosaic manner throughout the embryo (Meng et al., 1999; Köster and Fraser, 2001 ). In the second approach, tissue-specific genetic mosaics were established using donor fish transgenic for two GFP reporter constructs. The double-transgenic donor embryos were derived by crossing histone H2A-GFP ϩ/ϩ fish (Pauls et al., 2001 ) to either huc:GFP ϩ/ϩ fish (Park et al., 2000) or ath5:GFP ϩ/ϩ fish (Masai et al., 2003) . The histone H2A-GFP fish express nuclear GFP ubiquitously from gastrulation onward, whereas huc:GFP fish express cytoplasmic GFP only in postmitotic neurons shortly after cell cycle withdrawal. Fish with the ath5:GFP transgene mark neurogenic precursors in the cell cycle preceding the terminal mitosis. To generate small, isolated cell clones that were both histone H2A-GFP and huc:GFP or ath5:GFP positive in the developing retina, blastomere transplantation was performed (Ho and Kane, 1990) . Briefly, at the 1000 cell stage, 10 -20 double-transgenic donor cells were transplanted to the animal-pole region of an unlabeled wild-type host embryo of the same age. This area of the blastomere is fated to become retina and forebrain tissue, and limited transplantation into this region results in small numbers of labeled cells within these structures by 24 hpf. All embryos were grown in 0.003% 1-phenyl-2-thiourea (PTU) to block pigmentation and mediate visualization.
Confocal time-lapse microscopy. At 24 hpf, labeled embryos were anesthetized with 0.05% Tricane in 0.003% PTU and embedded in 1.0% low melt agarose. Embryos were placed in a glass-bottom culture dish and oriented so that the eye was facing up. GFP-labeled cells were imaged on a Nikon (Tokyo, Japan) C1 confocal microscope. Transmitted light images were also collected during the time lapse to enable accurate measurement of apical and basal surfaces during nuclear movements. Optical z-sections were collected at 2 m steps every 12 min for 24 -48 h. These parameters were determined empirically to be sufficient to capture M phase for each cell while reducing photobleaching during the extended time course. Temperature was maintained throughout all experiments at 28.5°C using a stage incubator.
Measurement and analysis of interkinetic nuclear migration in single cells. Image planes from confocal time-lapse microscopy (Nikon C1) were converted from the IDS to ND format using MetaMorph Imaging software (Universal Imaging, Philadelphia, PA). These data were then arrayed by time and z-plane using the Multidimensional Analysis Tool Suite. Apical and basal boundaries of the retinal neuroepithelium were imaged using bright-field optics. Distance measurements were taken using the Region Measurements tools in MetaMorph. In total, data were collected from 109 retinoblasts in 16 independent time-lapse experiments. Of these, eight time-lapse experiments were performed on cells in which the postmitotic marker transgene (huc:GFP) was present. These experiments yielded n ϭ 14 definitive neurogenic cells (one or both daughter cells were huc:GFP positive) and n ϭ 13 definitive symmetric proliferative (both daughter cells underwent mitosis). An additional 28 cells were examined by time-lapse using the ath5:GFP transgene (12 ath5:GFP positive and 16 ath5:GFP negative).
Cell cycle period. Individual cells were followed from M phase to M phase. M phase was easily viewed by the condensed and elongated nature of the chromatin. The time required for this was recorded as the total cell cycle period (Willer et al., 2005) .
Maximum basal position analysis. To calculate the relative maximum basal nuclear position, individual cell nuclei were followed to the apex of their basal migration. At this point, the total thickness distance of the middle of the nucleus from the apical surface was divided by the total apicobasal thickness of the neuroepithelium.
Basal pause time analysis. Individual cells were followed until they reached their most basal position, defined as the farthest point from the apical surface during interkinetic nuclear migration. Basal pause time was the quantity of time the nucleus remained at this position, as defined by movement Ͻ5 m.
Statistical analysis. Pearson correlation and Spearman rank correlation were used to examine associations between cell cycle period, maximal basal position, and basal pause time. The probability of a cell becoming postmitotic or remaining proliferative was analyzed using the Wilcoxon two-sample test. All statistical analyses were performed using Minitab (State College, PA) software.
Trichostatin A treatment
Trichostatin A (TSA) was diluted in DMSO to a concentration of 1 M. Mosaic histone H2B-GFP-labeled embryos, generated as described above, were placed in the TSA solution beginning at 16 hpf and imaged in the solution for 14 h. As a control for efficacy, neurogenesis was measured in parallel in huc:GFP embryos.
Initiation and rate of neurogenesis
Developmental time of initiation. The huc:GFP transgenic line was bred into the heart and soul mutant line (Park et al., 2000; Horne-Badovinac et al., 2001; Peterson et al., 2001) . Wild-type embryos that carried the huc:GFP transgene were injected with morpholinos (MOs; Genetools, Corvallis, OR) specific to aPKC and aPKC mRNA. The translation inhibiting aPKC was used at a concentration of 5 ng/embryo, and the translation inhibiting aPKC MO was used at 8 ng/embryo as described previously (HorneBadovinac et al., 2001; Cui et al., 2007) . To determine when huc:GFP expression is initiated, embryos were treated with PTU and monitored under a fluorescence dissecting scope every 15 min beginning at 32 hpf.
Cell cycle exit assay to quantitate neurogenesis. To determine the percentage of cells exiting the cell cycle and becoming postmitotic cells over a short window of developmental time, a saturating pulse of BrdU was used to identify definitive postmitotic neurons. A BrdU injection was given at 34 hpf, when the majority of ganglion cells are postmitotic, and fixed at 45 hpf. The BrdU negative cells were counted at 45 hpf and represent the number of cells that were postmitotic at 34 hpf. Noninjected siblings were fixed at 34 hpf, and the nuclei were counted to determine the average number of cells present at 34 hpf. The number of postmitotic cells counted at 45 hpf was then divided by the total nuclei at 34 hpf to obtain the proportion of total cells that were postmitotic at 34 hpf.
Results
Nuclear position of G 1 and S phase is heterogeneous in retinal progenitor cells As a first approach to address diversity in interkinetic nuclear migration among retinal progenitor cells, we sought to determine the location of nuclei at different stages of the cell cycle within the pseudostratified neuroepithelium. To do so, immunohistochemistry was performed on cryosections of 36 hpf zebrafish embryos using antibodies against phosphorylated retinoblastoma protein (pRb, a marker for cells in G 1 and early S phase) or phosphorylated histone H3 (pH3, a marker for cells in late G 2 and M phase). The location of S-phase nuclei was determined by giving a very short (5 min) pulse of BrdU to 36 hpf zebrafish embryos. BrdU incorporation was then assessed by immunofluorescence. As anticipated and well characterized by others, all cells in M phase showed nuclei located within two cell diameters from the apical surface (Fig. 1C) . Interestingly, nuclei in G 1 or S phase were found at positions throughout the thickness of the retina, suggesting great heterogeneity in the pattern of interkinetic nuclear migration ( Fig. 1 B, D) . To determine whether this phenomenon was specific to the developing zebrafish retina, the location of S phase was examined in the developing mouse retina. A 15 min pulse of BrdU was administered to pregnant mice carrying E10.5 stage embryos, a developmental time when all cells in the retina are proliferative. Similar to zebrafish, S-phase cells were found throughout the thickness of the mouse retina, demonstrating that heterogeneity in nuclear position during the cell cycle is not specific to developing zebrafish ( Fig. 1 E) .
Imaging interkinetic nuclear migration in vivo
To directly assess interkinetic nuclear migration and potential heterogeneity in this cell behavior, we used confocal time-lapse imaging using zebrafish embryos. Retinal neuroepithelial cells with histone H2A:GFP-positive nuclei were imaged beginning at 24 hpf (supplemental movie 1, available at www.jneurosci.org as supplemental material). At this time of development, all retinal neuroepithelial cells are mitotic. The first retinal cells to withdraw from the cell cycle in zebrafish do so at ϳ28 hpf (Hu and Easter, 1999) . It was necessary to image isolated GFP-positive cells so that movements of individual nuclei could be followed for multiple rounds of mitosis. Labeling of isolated nuclei was accomplished by either of two methods. To characterize overall diversity in interkinetic nuclear migration, wild-type embryos were injected at the 1-4 cell stage with plasmid DNA encoding the histone H2B:GFP fusion protein driven by a ubiquitous promoter (Köster and Fraser, 2001 ). This approach results in embryos in which transgenes are expressed in a mosaic manner, where the degree of mosaicism is dependent on the amount of plasmid DNA injected (Meng et al., 1999) . To follow cell fates of individual cells, blastomere transplantation was performed using germline transgenic donors. Donor embryos were obtained from a cross between transgenic fish in which one parent was homozygous for the fusion protein histone H2A-GFP and the other parent was homozygous for the huc:GFP transgene (Fig. 2 A) . The histone H2A:GFP transgenic line, Tg(h2afz:GFP)kca6, shows nuclear GFP in all cells from the blastulae stage onward (Pauls et al., 2001 ). The huc:GFP transgenic line, Tg(elav3:eGFP), expresses cytoplasmic GFP in subsets of postmitotic neurons (Park et al., 2000) . Within the zebrafish retina, endogenous HuC protein is expressed in ganglion and amacrine cells (Link et al., 2000) . To ensure that within the retina, the huc:GFP transgene was only expressed in postmitotic cells, saturating 15 h pulses of BrdU were given at 36 hpf, when the first wave of retinal neuroepithelial cells had begun to exit the cell cycle. All cells that were GFP positive were negative for BrdU incorporation, indicating that these cells had exited the cell cycle. In addition, shorter timed pulses of BrdU and time-lapse imaging indicated that huc:GFP expression was detectable within 3-6 h after the last M phase (data not shown). These results within the retina are similar to those found for the huc:GFP transgene within hindbrain neuroepithelial cells (Lyons et al., 2003) . At 36 hpf, all of the huc:GFPpositive cells were found in a basal location, consistent with differentiation as ganglion cells, the first cell type born in the retina for all vertebrates (Fig. 1 D) . Interkinetic nuclear migration in neuroepithelial cells and heterogeneity in the location of nuclei during the cell cycle. A, Neuroepithelial cells move their nuclei in an apical-tobasal manner with reference to the cell cycle. M phase always occurs at the apical surface, whereas G 1 , S, and G 2 phases occur at more basal locations. Intrinsic and extrinsic factors change over time in addition to localizing within different regions of neuroepithelial cells (colored background). In this diagram, the black cell produces a postmitotic neuron. After the neurogenic division, one of the daughter cells (gray) exits the cell cycle to become a ganglion cell (red). B, Phospho-Rb immunolabeling (red) indicates that nuclei in late G 1 /early S phase are distributed throughout the neuroepithelium. C, Phospho-histone H3 immunolabeling (red) indicates that nuclei in late G 2 /M phase are restricted to the apical surface. D, S-phase nuclei (red) labeled with a 5 min pulse of BrdU also show heterogeneity in apical-basal location. huc:GFP expression marks differentiating retinal ganglion cells at the basal surface (green). B-D, Images are from 36 hpf zebrafish embryos. E, S-phase nuclei (red) labeled with a 15 min pulse of BrdU at E10.5 of a mouse embryo also show heterogeneity in apical-basal location. B-E, Bright-field images overlaid with confocal fluorescence. RPE, Retinal pigment epithelium.
Diversity in retinal progenitor interkinetic nuclear migration
With these tools and techniques, retinal neuroepithelial cell nuclei were imaged at 12 min intervals from 24 hpf until 48 -72 hpf. These parameters were determined as sufficient to capture M phase for each cell, while reducing photobleaching during the extended imaging period. Figure 2B shows a representative montage of selected images from a time-lapse experiment highlighting interkinetic nuclear migration through several cell divisions for a clone of labeled retinal neuroepithelial cells. The montage begins with a cell that has just undergone mitosis at 24 h 24 min. The resulting daughter nuclei and those of their progeny are pseudocolored red and yellow to facilitate tracking the diversity in nuclear migrations. Quantization of interkinetic nuclear migration patterns for individual cells indicated that nuclei movement was saltatory, with periods of movement interspersed with periods of either pause or transient movements in the opposite direction (Fig. 2D) . Analysis of nuclear migration rates of neuroepithelia indicated that the overall velocity for nuclear migration from the apical surface to maximum basal position was significantly slower than nuclear migration in the opposite direction (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). However, analysis indicated that velocity and other aspects of interkinetic nuclear migration were highly variable in both directions.
To further characterize heterogeneity of interkinetic nuclear migration, three parameters were examined: cell cycle period, maximum basal nuclear position, and the amount of time the nucleus remained at its basal-most position (Fig. 2C) . The cell cycle period of individual retinal progenitor cells was calculated by recording the time required to progress from M phase to M phase. M-phase nuclei were easily visualized by their apical location, condensation of chromatin, and the eventual segregation of DNA to each daughter cell. The mean cell cycle period was 6 h 24 min (n ϭ 109), which is consistent with population studies previously published (Hu and Easter, 1999) . Interestingly, however, a large array of cell cycle periods was observed, ranging from 4 h to Ͼ11 h over the developmental period from 24 to 40 hpf, when the first wave of cell cycle exit occurs (Fig. 3A) . When these data are binned into two groups based on the time before the first cells exit the cell cycle (24 -32 hpf) and the time when the first wave of cell cycle exit is underway (32-40 hpf), the mean cell cycle period increased from 6 h 19 min to 6 h 37 min, respectively. This is consistent with population data in mammals indicating small increases in cell cycle period over developmental time (Young, 1985; Alexiades and Cepko, 1996) . Although the majority of cell cycle periods increased as developmental time passed, our analysis revealed that this is not an absolute lineage restriction. This can be seen in family clone IV (Fig. 4) . The first generation of this clone had daughter cell cycle periods of 8 h 36 min and 8 h even, whereas the next generation had cell cycle periods of 6 h 24 min, 5 h 36 min, and two at 6 h 24 min. During these imaging experiments, only two cells underwent apoptosis, as marked by nuclear condensation followed by DNA fragmentation (data not shown). This low rate of apoptosis (1.8%) within the zebrafish retinal neuroepithelium is consistent with previous reports on fixed tissue (Biehlmaier et al., 2001) . The paucity of cell death also confirmed that our imaging approach did not introduce phototoxicity.
The second parameter of interkinetic nuclear migration examined was the maximum basal position. This is a measure of how far the nucleus of the cell travels toward the basal lamina after mitosis at the apical surface. This distance was expressed as a percentage of the total thickness of the retinal neuroepithelium to account for retinal growth during the imaging period. We observed that after cytokinesis, basal migration of individual nuclei varied greatly and appeared to be stochastic (Fig. 3C) . Some cells' nuclei did not move from the apical surface, whereas other nuclei traveled nearly the entire thickness of the retina before returning to the apical surface to divide again. This is consistent with the immunolabeling results, which showed great diversity in nuclear position for cells at the same stage of the cell cycle. It should be noted that nuclei that move the farthest distances did not necessarily have longer cell cycles. For example, the nucleus that moved among the farthest, 83.8% of the total thickness of the retina, had a relatively short cell cycle period of 5 h 36 min (Fig. 3E) .
The third parameter of interkinetic nuclear migration that we characterized was basal pause time, the amount of time the nu- (1) cell cycle period, (2) basal pause time, and (3) maximum basal distance achieved. D, Graph of interkinetic nuclear migration in an individual cell and its progeny. A single cell's nuclei (black) and its progeny (light and dark blue) were tracked until they were lost as a result of high cell density in the imaging field or until photobleaching occurred. Heterogeneity is evident between daughter cells for cell cycle period, basal pause time, and maximum basal position. Note the saltatory nature and occasional reverse in direction for nuclear migration.
cleus remained at its most basal position. Analysis of individual cells showed that during interkinetic nuclear migration, the longest periods of pause occurred at the maximum basal position (Fig.  2 D) . We therefore characterized basal pause time by observing the nucleus until it reached its maximum basal position and then recorded the length of time it remained there before moving apically. Heterogeneity also exists for this parameter. Basal pause time ranged from 12 min (one time point) to 6 h 36 min with an average pause time of 1 h 58 min (Fig. 3B) .
Overview of data for all three parameters suggested that sibling cells tended to show similar behaviors of interkinetic nuclear migration. Indeed, on average there is more similarity between sibling cells compared with nonsibling cells (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). Finally, to determine whether any of the parameters that we measured during interkinetic nuclear migration were dependent on each other, cross-correlations and statistical regression analyses were performed. Analysis indicated that cell cycle period and maximum basal position are independent, and only very weak correlations could be detected between basal pause time and the other parameters (Fig. 3 D, E) .
Interkinetic nuclear migration and neurogenesis
Heterogeneity in a cell behavior among otherwise equivalent groups of cells is necessary for that behavior to influence cell fate decisions and differentiation events. To test whether any parameter of interkinetic nuclear migration correlated with cells producing postmitotic neurons, we analyzed interkinetic nuclear migration in cells that expressed GFP just after cell cycle exit. Time-lapse imaging was performed on embryos with isolated clones of cells that were histone H2A-GFP positive and had the potential to express cytoplasmic GFP under the control of the huc promoter (Fig. 3A) . All three parameters of interkinetic nuclear migration were then retrospectively assessed in cells that became postmitotic (cytoplasmic GFP positive) as well as those that remained proliferative (cytoplasmic GFP negative and mitosis detected in both daughter cells) (data not shown). We observed between zero and four cells exit the cell cycle within each clone of Regression analysis using the Pearson correlation and Spearman rank correlation demonstrates a lack of strong dependence for any of the parameters measured. The Spearman rank correlation value (r), where 1 equals absolute correlation, is shown for each comparison (top right).
cells. During the imaging period, these clones underwent one to three rounds of mitosis. Cumulatively, we found that 28.5% of the cells examined expressed the huc:GFP postmitotic marker from 28 to 42 hpf.
Retinal progenitor cells can divide by three different modes: symmetric mitotic, asymmetric, and symmetric postmitotic. Symmetric mitotic divisions produce two proliferative progenitor daughter cells, asymmetric divisions produce one proliferative progenitor and one postmitotic cell, and finally symmetric postmitotic divisions produce two postmitotic cells (Livesey and Cepko, 2001) (Fig. 4 A) . During early periods of retinogenesis, asymmetric and symmetric postmitotic divisions are considered neurogenic, because glia are not generated until later developmental times. Using the huc:GFP transgene from 28 to 42 hpf (during the first wave of cell cycle exit in the zebrafish retina), we found progenitor cells divided in the following manner: 48% symmetric proliferative, 48% asymmetric, and 4% symmetric postmitotic. Therefore, for neurogenic cells, huC:GFP primarily marks asymmetric cell divisions (Ͼ90%). Interestingly, all three modes of cell division can occur in a single three-generation clone, and a progenitor can produce two postmitotic neurons without first dividing asymmetrically (Fig. 4 A, family IV) .
To begin to examine relationships between the parameters of interkinetic nuclear migration and neurogenesis, we first examined trends that could be found within a single clone. The majority of clones indicated that cells that become neurogenic had deeper nuclear migration and shorter cell cycle periods than sibling cells that remained proliferative (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). For example, we compared sibling cells that had different cell fates (proliferative vs neurogenic) and found that the neurogenic cell had a shorter or equivalent cell cycle 10 of 11 times. For nuclear migration, the neurogenic cell had a greater maximum basal migration 9 of 11 times. No trends were found for the basal pause time parameter (data not shown). As a population, the maximum basal position of the nucleus segregated proliferative progenitors from neurogenic progenitors. Cells with nuclei that migrated further toward the basal surface were significantly more likely to produce a postmitotic neuron than cells whose nuclei remained closer to the apical surface (Fig.  4B , Table 1 ). In fact, no huc:GFP neurons were generated if the progenitor cell's nucleus migrated Ͻ40% of the distance toward the basal lamina. Average cell cycle periods and basal pause times did not show significant differences between symmetric proliferative and neurogenic progenitor cell populations (Table 1 ). In summary, the following trend was observed: progenitor cells with nuclei that traveled greater basal distances produced daughter cells that became postmitotic. Lineage data suggest that shorter cell cycle periods tend to yield neurogenic divisions within a clone, although as a population cell cycle period was not significantly different.
To further probe the relationship between nuclear position and neurogenesis, we repeated these imaging experiments using the ath5:GFP [Tg(atoh7:GFP)] transgenic line, which also marks neurogenesis in the retina (Masai et al., 2003) . This transgene expresses GFP under ath5(atoh7) regulatory sequence and is activated after S phase of the last cell cycle before a symmetric neurogenic cell division Poggi et al., 2005) . At the time of development when we analyzed maximum nuclear position in ath5:GFP transgenic fish, cells that are GFP negative correspond to proliferative progenitors. Like the huc:GFP neurogenic population, the ath5:GFP neurogenic population showed a strong bias for deeper basal nuclear migrations during the last cell cycle compared with their GFP-negative counterparts ( Fig. 4C ; supplemental Movie 2, available at www.jneurosci.org as supplemental material). In fact, the segregation of proliferative from neurogenic populations was greater in the ath5:GFP line. This difference may be attributable to the fact that ath5:GFP marks symmetric neurogenic divisions, whereas huc:GFP primarily marks asymmetric neurogenic divisions. Consistent with this possibility, the sole symmetric neurogenic cell division observed in huc:GFP transgenic cells had the deepest basal nuclear migration. For both transgenic markers, when considering the maximum nuclear position along the apical-basal axis, a probability gradient for neurogenesis emerged in which the likelihood of producing a postmitotic neuron increased with greater nuclear migration (Fig. 4 B, C, right columns) .
Promoting proliferative cell fates does not bias nuclear migration
The observation that neurogenic cell divisions correlate with deep basal nuclear migrations can be interpreted in several ways. For example, neurogenesis may drive deep basal nuclear migration. Conversely, basal nuclear position may influence the commitment to neurogenesis. If the former were true, then allowing only proliferative cell divisions by blocking neurogenesis would result in a bias against deep nuclear migrations. To test this possibility, we treated embryos with a histone deacetylase I inhibitor, TSA. Recent studies have demonstrated that either genetic mutations in histone deacetylase I or treatment with TSA completely inhibits retinal neurogenesis in zebrafish embryos (Stadler et al., 2005; Yamaguchi et al., 2005) . We confirmed that TSA-treated embryos completely blocked expression of the neurogenic marker huc:GFP (Fig. 5A) . By tracking nuclear migration in retinal progenitor cells from drug-treated embryos, we determined that there was no statistical difference in the maximum basal position of nuclei or average cell cycle period in cells treated with TSA compared with the DMSO-treated controls (Fig.  5B,C) . This result suggests that deep basal nuclear migration is not caused by neurogenesis. However, because we cannot exclude the possibility that inhibition of histone deacetylase I blocks the execution of neurogenesis without affecting neurogenic determination, it is possible that progenitors first become committed to neurogenesis and are therefore biased for deep nuclear migration. Alternatively, nuclear position may influence the commitment to divide neurogenically by enabling differential responses to polarized cues.
Apical-basal polarity is essential for the relationship between nuclear position and neurogenesis
To explore whether intrinsic apical-basal polarized cues are important for cell cycle exit and regulated neurogenesis, we measured parameters of the mitotic cycle and neurogenesis in embryos that lack aPKC activity. Atypical PKC and comprise a subgroup of the PKC family and are part of a complex of proteins that regulate various aspects of apical-basal cell polarity. This signaling complex associates with the plasma membrane near tight junction components at the apical end of cells, including retinal neuroepithelia (Izumi et al., 1998; Wodarz, 2002; Suzuki and Ohno, 2006) . Disruption of aPKC activity in zebrafish, through genetic mutation in aPKC (heart and soul) or by morpholino knock-down of both aPKC and , leads to a variety of apical-basal cell polarity phenotypes including basallocalized mitoses, altered division plane orientation, and postmitotic cell positioning defects (Horne-Badovinac et al., 2001; Zolessi et al., 2006; Cui et al., 2007) . To assess potential affects on neurogenesis, we measured the timing of huc:GFP initiation in both has mutants and aPKC and morphants. Like wild-type siblings, embryos lacking either aPKC or combined aPKC and activity initiated huc:GFP expression at ϳ34 hpf (Fig. 6A) . These data suggest that neurogenesis initiates normally with loss of aPKC activity. We next tested whether aPKC activity influenced the rate of neurogenesis. This was accomplished using long-pulse BrdU to determine the proportion of cells that exited the cell cycle between 28 and 34 hpf. We found that although neurogenesis initiated on time with loss of aPKC activity, the proportion of progenitor cells selected to divide neurogenically was significantly reduced in both has mutants and aPKC and morphants (Fig. 6A-C) . Finally, to address whether the relationship between nuclear position and neurogenesis was affected by loss of aPKC activity, we analyzed the maximum nuclear position of proliferative and neurogenic cells in aPKC and morphants. This analysis was performed as before, using aPKC morphant;ath5:GFP host cells. Overall, the segregation of neurogenic versus proliferative progenitors based on nuclear position was lost in aPKC morphants (Fig.  6D ). Similar to results from long-pulse BrdU labeling experiments, the proportion of neurogenic cells was decreased (29% in aPKC morphants compared with 43% in wild-type retina). With reduced aPKC activity, the increase in proliferative cell divisions appeared to be selected from progenitors with more basal nuclear migrations (compare Figs. 6D, 4C ). Conversely, although neurogenesis was suppressed with loss of aPKC activity, progenitor cells with relatively shallow nuclear migration went on to express ath5:GFP. These data are consistent with an essential role for intrinsic cell polarity in regulating the relationship between basal nuclear position and retinal neurogenesis.
Discussion
During retinal development, neuroepithelial cells must integrate multiple signaling inputs that influence cell fate decisions. One key cellular decision, which is essential for appropriate numbers and proportions of cell types, is whether to exit the cell cycle or remain proliferative. At any time within active regions of neurogenesis, only a subset of progenitor cells commit to a terminal cell division. Because the local signaling environments are often similar among clustered cells, differences in progenitor cell behaviors may enable differential cell fates. We have used time-lapse analysis to study interkinetic nuclear migration in individual retinal neuroepithelial cells in relation to neurogenesis. We found that this mitotic cell behavior shows extreme heterogeneity. In particular, there is variation in (1) the distance the nucleus migrates, (2) the amount of time nuclei remain at the basal-most position, and (3) the time to complete a mitotic cycle. Interestingly, we observed many mitotic cells in which the nucleus remained close to the ventricular zone, suggesting that basal nuclear migration is not required for S phase. We also found that although the cell cycle period increased with generation number in the majority of cell lineages, there were families in which the cell cycle period was shorter in progeny cells. This demonstrates that the cell cycle period is not absolutely restricted to increase with each cell division. Importantly, we found that particular patterns of interkinetic nuclear migration correlate with neurogenic cell divisions. In general, progenitors that produce postmitotic cells have nuclei that migrate to more basal locations. Specifically, the farther the nucleus migrated within a progenitor cell, the greater the probability it would divide neurogenically ( Fig.  4B,C) .
Cell behaviors and cell fates
Historically, research on neural progenitor behaviors and cell fates has focused primarily on mitotic division plane orientation. For invertebrates, the orientation of cell division has significant influence on daughter cell fates by asymmetrically distributing determinant molecules between the progeny. Examples exist for the importance of cell division orientation in regulating neurogenesis and the types of cells that can be generated (Kemphues, 2000; Justice and Jan, 2002; Roegiers and Jan, 2004) . In vertebrates, cleavage plane orientation appears to be important for distinguishing cell-type fates but not for regulating neurogenesis. For example, studies in mice during late retinal development support a role for division orientation in cell-type fate choice . In the zebrafish retinal neuroepithelium, division orientation also correlates with cell-type fate decisions. By imaging ath5:GFP-positive cells, Poggi et al. (2005) observed that circumferential cell divisions tend to produce daughter cells of different types, whereas radial cell divisions most often produce cells of the same type. These observations, along with the data from our experiments, suggest that in the retina the pattern of interkinetic nuclear migration during the last cell cycle influences cell cycle exit, whereas cleavage plane orientation of the last M phase influences cell-type fate choice. By monitoring activation of the tis21 promoter, Huttner and colleagues have shown that asymmetric inheritance of apical membrane can influence cell cycle exit in the mouse brain (Iacopetti et al., 1999; Haubensak et al., 2004; Kosodo et al., 2004) . This work demonstrated that neuroepithelial cells that asymmetrically distribute apical plasma membrane are biased to produce postmitotic neurons. Although not directly assessed, it was concluded that the daughter cell that inherited apical membrane remained proliferative. Their observations led to a model for CNS progenitor cells in which the switch from symmetric proliferative to asymmetric neurogenic division occurs by (1) the activation of the tis21 gene, (2) reduction in apical membrane, and (3) the asymmetric distribution of apical membrane (Huttner and Kosodo, 2005) . It will be interesting to test whether a similar mechanism functions in the retinal neuroepithelium and whether nuclear position influences either activation of tis21 or the reduction of apical membrane.
Cell cycle length and neurogenesis
In addition to asymmetries during mitosis, cell cycle length has also been suggested to influence neuroepithelial cell fates. For example, in CNS progenitors, modulating G 1 -phase kinetics altered the rate of cell cycle exit (Ohnuma et al., 2002; Calegari and Huttner, 2003; Hodge et al., 2004) . A subsequent study showed that neurogenic telencephalic cells have longer cell cycles than proliferative progenitors (Calegari et al., 2005) . In the zebrafish retina, we find that there is tremendous heterogeneity in progenitor cell cycle periods. Our analysis demonstrated that there is no statistical difference in the average length of the cell cycle between proliferative or neurogenic cells. However, considering these data with respect to individual lineages does show that neurogenic cells have shorter cell cycles than their proliferative siblings. These data are consistent with recent observations in frog em- bryos suggesting that fast cell cycles promote terminal mitoses in the retina (Locker et al., 2006) . It will be important to further consider the role of cell cycle kinetics by closely examining the lengths of individual cell cycle phases in relation to neurogenesis.
Interkinetic nuclear migration and signaling
Overall, our results coupled with those from others suggest an important role for interkinetic nuclear migration during retinogenesis. We provide support for a model in which heterogeneity in nuclear position influences whether retinal progenitor cells reenter or exit the mitotic cycle (Fig. 7) . By blocking neurogenesis, we show that deep basal nuclear migrations are not a consequence of neurogenesis. This model provides a mechanism for how multiple cell fates can be generated in clusters of neuroepithelial cells related by lineage and equivalent in both expression of intrinsic neurogenic factors and influence from microenvironmental signals. We propose that differences in the position of the nucleus, perhaps during specific phases of the cell cycle, allow neuroepithelia to respond differentially to apical-basal polarized signals. Cells with nuclei in more basal locations were biased to divide neurogenically. Consistent with this model, disruption of cell polarity by loss of aPKC affected the relationship of nuclear position and neurogenesis, as well as the rate of cell cycle exit. Disruptions to aPKC did not completely ameliorate cell cycle exit, suggesting that intrinsic cell polarity is not essential for neurogenesis, but instead is important for selection of the appropriate proportion of neurogenic competent cells for terminal mitosis.
What other factors might influence neurogenesis? In addition to intrinsic cell polarity, extrinsic factors are also presented in localized manners during retinal development. For example, secreted Wnt and Hedgehog proteins are expressed in polarized fashions, and both pathways can influence cell cycle exit in the vertebrate retina (Liu et al., 2003; Masai et al., 2005; Shkumatava and Neumann, 2005; Van Raay et al., 2005; Wang et al., 2005; Yamaguchi et al., 2005) . Neurotransmitters can also influence progenitor cell proliferation through short-range signaling (Martins and Pearson, 2007) . In general, the proximity of the nucleus and cell body to any of these signals could be important for transcriptional modulation and regulation of neurogenesis.
Nuclear position may also bias progenitor cell fate through posttranslational mechanisms. Nucleus-associated signals and subcellular organelles could function to differentially modify (activate or inactive) localized proteins capable of influencing cell cycle exit. Conversely, kinases anchored at the apical or basal surfaces of neuroepithelial cells could differentially phosphorylate proteins associated with the cell body and nucleus in a manner dependent on nuclear position. As an example, the Notch pathway, which functions to break cellular equivalence and can affect cell cycle exit, is modulated at the posttranslational level. Within the developing retina, Notch pathway components are expressed in a regionalized manner (Murciano et al., 2002) . In addition, endosome recycling of the Notch ligand Delta to the plasma membrane may depend on the distance of the cell body from the apical surface (Justice and Jan, 2002; Itoh et al., 2003; Chen and Casey Corliss, 2004; Emery et al., 2005) . Similarly, efficiency in nuclear translocation of the cleaved intracellular Notch domain may depend on nuclear position. Other mechanisms for bridging nuclear position and neurogenesis are also possible.
In summary, our data firmly establish that there is significant heterogeneity among retinal neuroepithelial cell progenitors in several parameters of interkinetic nuclear migration. The relationship between maximum basal nuclear position in the cell cycle preceding a neurogenic cell division supports the following model. Within the proliferative retinal neuroepithelium, cells become competent to withdraw from the cell cycle in part by expressing proneural factors. Cells expressing these proteins are then selected for neurogenic divisions based on the position of the nucleus/cell body, and perhaps during a specific cell cycle phase. Nuclear position biases whether the cell divides in a symmetric proliferative (apical nuclear position) or neurogenic (basal nuclear position) manner. Mitotic cell behaviors, which asymmetrically distribute apical membrane and cell-type fate determinants, then influence which daughter cell exits the cell cycle and what specific cell type it will become. Temporal changes in expression of intrinsic factors and the local signaling environment, as proposed by others, set the threshold for neurogenesis and influence the repertoire of particular cell types that can be generated. Our observations of retinal interkinetic nuclear migration support this general model and provide the first link of this cell behavior to proliferative cell decisions. Model depicting the influence of interkinetic nuclear migration on neurogenesis. Two neurogenic-competent cells (white nuclei) are shown to have just exited M phase. Heterogeneity in interkinetic nuclear migration results in differential location and time that the nucleus resides in G 1 and/or G 2 phase for otherwise equivalent cells (red box). Localized intrinsic and extrinsic cues, which change with developmental time (background colors), provide differential influences on the retinal progenitors. Although both progenitors are competent to produce a postmitotic cell, only those with greater basal nuclear migrations are selected to become neurogenic (gray nuclei). M-phase dynamics regulate which cell(s) become postmitotic (red nuclei) and influence cell-type fate.
